The breeding season of wild starlings is controlled by photoperiod. Full breeding condition is attained during exposure to lengthening days in the spring, and photorefractoriness ensues. The reproductive system of starlings will not subsequently be stimulated by long day lengths until photorefractoriness is dissipated by the short day lengths experienced in the autumn and winter. Unlike most studies on avian photoperiodism, this investigation involved manipulation of light intensity of a fixed photoperiod rather than of photoperiod itself. Photosensitive starlings transferred from short days to long days of different light intensities underwent graded reproductive responses according to the light intensity they experienced. Testes size in the group in the lowest intensity (3 lux) increased faster than that in controls on short days of normal intensity, but they did not become photorefractory. Testes size increased in the groups on 13, 45, and 108 lux and subsequently became photorefractory. However, the 13-and 45-lux groups required more time to become photorefractory than did the 108-lux group. The responses observed were similar to those seen in starlings exposed to different photoperiods (e.g., 11 h light:13 h dark [11L:13D], 13L:11D, 16L:8D, 18L:6D), even though all were on the same 18L:6D photoperiod. Initially, the results appear to challenge the external coincidence model for photoperiodic time measurement, but consideration of the phase response curve of the circadian rhythm of photoinducibility in starlings and the way in which it might be affected by low light intensities refute this challenge.
INTRODUCTION
Starlings undergo a breeding season that is controlled by photoperiod (for reviews, see Nicholls et al., 1988; Wilson and Donham, 1988) , although other fac-tors can advance or delay breeding slightly (Wingfield et al., 1983 (Wingfield et al., , 1997 . Increasing day length causes full reproductive maturation during the spring, followed by photorefractoriness (i.e., gonadal regression, feather molt, and reproductive unresponsiveness to long day lengths) in the summer and subsequent acquisition of photosensitivity in the autumn. The acquisition of photosensitivity, or dissipation of photorefractoriness, allows the reproductive system of starlings to respond to long day lengths at the appropriate time of year so that breeding occurs only when conditions optimize the chances of rearing young. The physiological changes involved have been well documented (Nicholls et al., 1988; Wilson and Donham, 1988) .
There are two main theories as to how photoperiodic time measurement occurs. The first is supported by many insect studies and consists of the idea that photoperiodic time is measured by a physiological hourglass or interval timer that measures the length of the light or dark period (for examples, see Beck, 1968; Lees, 1973; Veerman, 1984, 1986) . This theory proposes that a photochemical reaction product accumulates during either the light or dark period of a daily cycle and is inactivated during the other part of the cycle. If a critical amount of the reaction product accumulates, then a photoperiodic response is initiated. The second theory (Bünning, 1936) proposes a circadian rhythm of responsiveness to light and is known as the external coincidence model of photoperiodic time measurement; that is, for the first part of the cycle (subjective day) the organism is insensitive to light, whereas during the second part (subjective night) it becomes responsive to a light stimulus (i.e., photoinducible). If light falls during the subjective night, then a long-day photoperiodic response is initiated. Evidence that Bünning's hypothesis of photoperiodic time measurement is consistent with the features of avian photoperiodism was first supplied by Hamner 's (1963 Hamner 's ( , 1964 night interruption experiments on the house finch, Carpodacus mexicanus.
In spite of such evidence, in an earlier experiment (G. E. Bentley, unpublished data), photorefractory starlings held for 11 weeks on 13 h light:11 h dark (13L:11D) but at a low light intensity became photosensitive, as judged by testicular recrudescence. This observation did not appear to correspond with predictions made from the external coincidence model in that a light stimulus applied during the subjective night should elicit a long-day reproductive response (in this case, photorefractoriness should have been maintained). Few investigations have incorporated manipulation of light intensity rather than day length to affect reproductive responses since Bissonnette's (1931) investigation into the role of light intensity in the modification of the starling's reproductive response to day length. It is difficult to draw definitive conclusions from most early experiments on this subject because mixtures of natural and artificial light were used in the same days of treatment (Bissonnette, 1931) . Other early studies did not control for different wavelengths of light from sources of differing intensities (e.g., Bissonnette and Wadlund, 1933) ; the importance of wavelength in the avian photoperiodic response was established more than 50 years ago (Ringoen, 1942; Benoit and Ott, 1944) . There are even reports of both low and high light intensities causing convulsions and death in the African weaver finch (Rollo and Domm, 1943) . The most comprehensive experiment of this type was conducted with sparrows (Passer domesticus) subjected to different light intensities under the same photoperiod. Light intensity modified the reproductive response of sparrows to day length, but there is a minimum intensity below which no photoperiodic response can be evoked (Bartholomew, 1949) . In addition, there is an upper intensity threshold above which there is no increase in rate of response, and intensity cannot be substituted for day length per se. Light intensity effects on the mammalian endocrine system also exist, such as in ferrets (Marshall and Bowden, 1934) and pigs (Griffith and Minton, 1992) .
This study was designed to investigate the effects of varying light intensity on the photoperiodic reproductive response of starlings. Specifically, we aimed to determine whether the observed reproductive responses correlated with predictions from the external coincidence model in that any light stimulus applied during the subjective night should elicit the long-day response of attainment of reproductive maturity followed by photorefractoriness. In addition, our goal was to determine whether there are threshold light intensities for a given day length above and below which no increase or decrease in reproductive response is observed.
MATERIALS AND METHODS

Birds and Treatments
Wild-caught juvenile male starlings were housed in an outdoor aviary (under natural long days in the summer) until required. They were then transferred to metal cages (0.6 × 0.5 × 0.4 m, 8 birds per cage) and held on short days (8L:16D) for 6 weeks prior to the start of the experiment. Lighting was provided by fluorescent tubes, and temperature was maintained at approximately 20ºC. Food (Gold Start turkey starter crumbs) and water were available ad libitum.
To create different light intensities within the same room and ambient photoperiod, hoods consisting of aluminum frames covered with sheets of neutral-density photographic filter (Lee Filters, Stage Electronics, Avonmouth, Bristol, United Kingdom) were placed over each group's cage. The hoods surrounded the top and sides of each cage, overlapping at the cage bottom so that light could enter only via the filters. The filters were designed to inhibit the same percentage of all wavelengths so that only the intensity was altered. The mean light intensity within each cage was calculated by taking readings from the front, middle, and back of each cage at perch level with a Eurisem Technics EP 628 digital lux meter.
The birds were divided into 5 groups of 8 each. Groups A, B, C, and D were transferred to long days (18L:6D) at light intensities of 3, 13, 45, and 108 lux, respectively. Group E was kept on short days (8L:16D) at an intensity of 108 lux. Because groups D and E were covered with hoods made from light-filtering material with 92% light transmission, they controlled for any effect that the filter material might have had on light quality. In addition, Group E provided control data for the slow testicular growth that occurs under short days (Goldsmith, 1985) .
Blood Sampling
Blood samples were obtained by pricking a superficial wing vein and collecting approximately 0.5 ml blood into heparinized glass capillary tubes. The blood was centrifuged at 1500 g for 10 min, and the plasma was separated and stored at -20ºC. To minimize the risk of exposure to bright light, the room lights were switched off when the light filter hoods were moved aside for removal of a bird from its cage. In addition, the birds' heads were covered with cloth hoods during blood sampling, which was conducted in a nearby room with the room lights dimmed.
Hormone Radioimmunoassays
Concentrations of plasma luteinizing hormone (LH) were measured using the homologous chicken LH assay described by Follett et al. (1972) as validated for starlings (Dawson and Goldsmith, 1982) . Plasma thyroxine (T4) concentrations were measured as described in Bentley et al. (1997) .
Laparotomy
Gonadal status was assessed at intervals by laparotomy using the same light restriction precautions as for blood sampling. A fiber-optic lamp was used to illuminate the incision area. Birds were anesthetized by intramuscular injection of 4.2 mg sodium pentobarbitone, and a small incision was made in the body wall between the last pair of ribs. The width and length of the left testis was measured to the nearest 0.5 mm, and volume was calculated as V = 4 / 3πa 2 b, where a is half the width and b is half the length (long axis) of the testis.
Molt Score
Starlings molt sequentially from the innermost to the outermost primaries, so molt scores were assessed as the mean of the number of the nine primary feathers lost on both wings. Thus, the maximum molt score was 9. However, molt was followed only up to the fifth primary to demonstrate that a sequential postnuptial molt of the primary feathers had started and to compare the timing of the onset of molt between different groups.
Statistical Analyses
Following log transformation, data were analyzed using one-way repeated-measures analysis of variance (ANOVA) to compare mean values within groups. Fisher's protected least significant difference was used as the post hoc test for multiple comparisons between mean values. For comparison of mean values between groups, one-way ANOVA was used. These analyses were carried out instead of two-way repeatedmeasures ANOVAs to enable us to identify more closely at which time points mean values within a group differed from one another.
RESULTS
Testicular Volume
These data are summarized in Fig. 1 . Testicular volume in Group A (lowest light intensity) increased slowly after transfer to long days, was significantly greater (p < .0001) than testicular volume in Group E (controls kept on short days) after 52 days, and eventually reached maximum values for starlings. Testicular volume in Groups B, C, and D increased rapidly, and by 21 days all 3 groups had significantly larger testes (p < .001) than those in Groups A and E. Testicular growth rate was slowest in Group E, and testes remained small.
In Group A, there was no testicular regression, and by Day 52 testicular volume in this group was greater than that in any other group (p < .001). Groups B, C, and D all showed testicular regression, but the timing and rate of regression varied with light intensity. Groups C and D regressed significantly between Days 21 and 38 (p < .001). Group B did not begin to regress until after Day 38, at which point this group's testes were larger than those in Groups C and D (p < .001). Significant regression occurred in Group B between Days 38 and 52 (p < .001).
Plasma LH
The plasma LH data are summarized in Fig. 2 . At the start of the experiment, there was no significant difference in plasma LH concentration between the groups. After only 6 days of treatment, Groups B, C, and D had significantly higher plasma LH levels than did Group E (p < .02) and Group A (p < .02). There was no significant difference in plasma LH concentration between Groups B, C, and D or between Groups A and E.
After 35 days of treatment, plasma LH levels had decreased significantly in Groups B, C, and D as compared to their levels at Day 6 (p < .0001). Plasma LH levels for Groups B, C, and D continued to fall and by Day 48 were considerably lower than those for Group A (p < .001) and Group E (p < .05). LH levels did not change within each group for the remainder of the experiment. The levels for Groups A and E did not show any significant change throughout the whole experiment. 
Plasma Thyroxine
Mean plasma T4 concentration was calculated for each group for the duration of the experiment (excluding the pre-bleed), and these data were used in the analysis (Fig. 3) . Plasma T4 did not differ between groups prior to treatment. Plasma T4 concentrations for the duration of the experiment were significantly higher in Groups B, C, and D than in Group A (p < .02) and Group E (p < .02). Concentrations for Group B were significantly lower than in Groups C and D (p < .005). Plasma T4 concentrations for Groups A and E did not differ significantly, nor did concentrations for Groups C and D.
Molt Scores
Only Groups B, C, and D underwent postnuptial molt; this began during Weeks 7 and 8 ( Fig. 4) . All 3 of these groups molted fully, but Groups C and D molted significantly earlier than did Group B (p < .0001).
Overall, Groups C and D did not differ in rate of molt, although Group D started to molt earlier than did Group C (p < .003). One starling in Group B died after Week 9; hence, it appears from the graph that the molt score for that group decreased when in actuality more birds had begun to molt in that group.
DISCUSSION
All of the groups of starlings placed under long days (18L:6D) grew their testes to maximal size regardless of light intensity. This indicates that the hypothalamo-pituitary-gonadal axis perceived and responded in the predicted manner to a day length longer than the initial 8L:16D. The differences in time to become photorefractory in Groups B, C, and D show that a decrease in light intensity caused a coincident retardation of testicular response. This effect is similar to that seen in starlings under different photoperiods of normal light intensity (Hamner, 1971; Dawson and Goldsmith, 1983) . Group A (lowest light intensity) did not become photorefractory and showed no signs of testicular regression or molt at any point during the experiment. This, combined with the observation that their testes grew faster than those of the 8L:16D controls (Group E), suggests that they were perceiving a day length of longer than 8 h but shorter than the critical photoperiod for photorefractoriness (11.5 h) (Nicholls et al., 1988) . The slow rise in testicular volume observed in Group E is a normal response of starlings held on chronic short days (Goldsmith, 1985) and is a result of slow release of the gonadotropin LH and follicle-stimulating hormone (FSH) from the pituitary gland when starlings are photosensitive. Rapid testicular growth does not occur until photostimulation overrides the negative feedback of gonadal steroids onto the pituitary, when gonadotropins are released in large amounts.
Changes in LH preceded changes in testicular volume in a manner similar to that described in previous studies on birds (Mattocks et al., 1976; Dawson and Goldsmith, 1983) . Group A did not show any signs of a rise in plasma LH concentrations, even though those starlings grew their testes to maximal size. Similar data are presented in Juss (1993) , where starlings on 11L and 8L had very similar plasma LH concentrations but birds on 11L showed faster testicular growth. Such differences in testicular response despite the similarity in LH concentrations can most reasonably be explained by postulating different plasma FSH concentrations. In another study, a comparison of starlings held on 18L and 13L, LH concentrations were similar in both groups but testicular growth was faster in the 18L group (Dawson and Goldsmith, 1983) . This was attributed to higher FSH levels in the 18L group. In addition, FSH secretion may differ from LH secretion on photoperiods close to the critical day length and is closely associated with changes in testicular volume (Dawson et al., 1985) .
The plasma T4 assay results reinforce the general idea that lowering the light intensity of long days causes a response comparable to that of a decrease in day length. There is a sustained rise in plasma T4 concentrations in starlings subsequent to transfer from short to long days (Dawson, 1984; Bentley, 1996; Bentley et al., 1997; A. R. Goldsmith, unpublished data) . The function of this rise is unclear, but it is not a necessary precursor to the onset of photorefractoriness . Gradations of light intensity under the same 18L photoperiod give rise to gradations in concentrations of plasma T4 (Fig. 3) . Thus, similar responses would be expected if a gradation of photoperiods under a constant light intensity were used.
Further evidence that lowering the light intensity of 18L:6D photoperiods causes similar responses to those seen under shorter photoperiods is the molt score data. Only those groups that were held under light intensities high enough for them to perceive long days became refractory and subsequently molted (i.e., Groups B, C, and D). Of these, Groups C and D molted slightly earlier than did the lower light intensity group (Group B), signifying that they had become photorefractory sooner. Group D began to molt slightly sooner than did Group C, again in accordance with lower light intensity causing day length to appear shorter than it actually is.
It appears that there is a threshold light intensity above which a further increase has no effect on the rate of onset of refractoriness and testicular regression. In this experiment, light intensity of 45 lux had an effect very similar to that of 108 lux. In a similar study conducted on sparrows (P. domesticus) held on 16L:8D, the maximum rate of photoperiodic response occurred below 10 foot-candles (100 lux), above which there was no further increase (Bartholomew, 1949) . It might be the case that this threshold light intensity shifts as day length changes. For example, when exposed to a longer day length (e.g., 20L:4D), starlings might require a lower light intensity (cf. that on 18L:6D) to cause rapid gonadal growth but not the onset of photorefractoriness. Hamner (1971) placed starlings under a photoperiod of 24L:0D and found that light intensity of 1.0 lux gave rapid testicular growth with a very slow onset of regression (about 4 months after transfer to constant light). It might be the case that Group B in our study eventually would have become photorefractory, but additional laparotomies performed 4 months after transfer to 13 lux indicated that gonadal regression still had not occurred. Thus, it is probable that a light intensity of 13 lux is below the threshold required for the onset of photorefractoriness under 18L:6D yet still high enough to promote testicular growth.
It might be suggested that it is light intensity per se that is affecting the photoperiodic response and not an interaction between intensity and photoperiod. If this were true, then short days of very high light intensity would cause gonadal growth and subsequent photorefractoriness. By exposing starlings to short days of high light intensity, both Burger (1939) and Hamner (1971) showed this not to be the case. It appears that combined with a threshold light intensity, there is a threshold day length below which changes in light intensity have no appreciable effect on the photoperiodic reproductive response of the male starling. However, the full scope of interaction between day length and light intensity in regulating testicular recrudescence and photorefractoriness in starlings is not known. For example, it remains to be seen whether or not the critical day length for photorefractoriness is influenced by light intensity.
In our opinion, the slow gonadal growth observed under short days (8L:16D) is merely a manifestation of the fact that the reproductive system is in a "switched on" state. The gonadotropin-releasing hormone (GnRH) system is priming itself for an increase in day length that signals the onset of the breeding season because the part of the circadian rhythm of photoinducibility that causes photorefractoriness to be initiated and maintained no longer coincides with a light stimulus. In other words, the photoinducible phase coincides with darkness. Because of the GnRH system's ability to respond to subsequent long days when in this photosensitive condition, small amounts of GnRH are released from the GnRH cell bodies onto the pituitary gland with the downstream effect of slow gonadal growth. If the photoperiod is subsequently increased to 11L:13D, then a slightly higher rate of gonadal growth occurs but photorefractoriness is not initiated. This suggests that the light phase of the light:dark cycle is beginning to extend into the photoinducible phase of the circadian cycle but not far enough into it to cause photorefractoriness. This phenomenon can be observed in the wild under naturally increasing photoperiods and appears to be a mechanism that prepares the birds for their breeding season in such a way that they can nest and rear young in the short time window when conditions are optimal. As day length increases further (to 13L:11D), the light phase of the light:dark cycle extends far enough into the photoinducible phase of the circadian cycle to cause photorefractoriness, but it does not cause photorefractoriness at the maximum rate at which it can occur (as it would under 18L:6D) because it does not coincide with the whole photoinducible phase, whereas a light phase of 18L would. Thus, there are gradations in the rate of gonadal growth and in the rate of onset of photorefractoriness under gradations of photoperiod (Dawson and Goldsmith, 1983; Goldsmith, 1985) and a maximum rate at which both can occur (probably because the whole photoinducible phase coincides with a light stimulus under 18L:6D, so a further increase in day length would have no additional effect). An experiment reinforcing this conclusion was the use of skeleton photoperiods (Kumar and Rani, 1996) , in which light pulses positioned at both ends of the photoinducible phase produced a testicular response in blackheaded buntings (Emberiza melanocephala) that was not distinguishable from that of buntings exposed to very long photoperiods. It appears that there are two separate portions of the photoinducible phase-one that causes gonadal growth (the early part of the photoinducible phase) and one that causes both gonadal growth and photorefractoriness (the latter part of the photoinducible phase). In this way, there seems to be a duration effect of a light stimulus within the photoinducible phase (which itself exhibits circadian rhythmicity). This addition to the basic external coincidence model might account for the ability of starlings to produce graded and/or differential responses to graded changes in day length, which implies a more sophisticated mechanism of photoperiodic time measurement than one that only discriminates between "long" and "short" days with reference to a single critical day length.
Whatever the mechanisms involved, the results presented here initially appear as if they might be incompatible with the external coincidence model described earlier; that is, if light is perceived 18 h after dawn and it is above the threshold for detection by photoreceptors, then this should elicit the same response as in birds kept on a photoperiod of 18L:6D. If light intensity is too low to be detected by the photoreceptors, then the photoperiodic responses should be the same as those under total darkness, that is, either no detectable gonadal growth or very slow gonadal growth over a long period of time (Oishi and Lauber, 1973; G. E. Bentley, personal observation) . This was not the case. Numerous studies have, however, demonstrated a circadian rhythm of photoinducibility in birds including starlings (e.g., Hamner, 1963 Hamner, , 1964 Follett and Sharp, 1969; Turek, 1974; Gwinner and Eriksson, 1977; Simpson and Follett, 1982; Follett et al., 1992; King, 1995; King et al., 1997) . One possibility is that the external coincidence model still applies to our data but that the phase response curve is altered by the change in light intensity so that the photoinducible phase in the circadian cycle is either shifted or reduced in its ability to respond to a light stimulus, producing the graded responses shown. Indeed, the fact that increased light intensity can increase the length of the free-running period of some organisms (Aschoff, 1960; Pittendrigh, 1967) reinforces this idea. In general, the shorter the free-running period of an individual, the greater the D/A ratio (where D is the area under the delay portion of the phase response curve and A is the area of the advance portion), a feature that is seen as functionally useful in contributing to the stabilization of the phase relationship between the pacemaker and the light cycle (Daan and Pittendrigh, 1976) . Thus, given that light intensity can affect the free-running period of activity cycles, which in turn affects the shape of the phase response curve, it is not unreasonable to propose that entrainment of the photoinducible phase might have been affected by the light intensities used in this study. A systematic study comparing different light intensities and photoperiods, looking at the phase response curve under these regimes, might clarify matters further.
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